ZBP-89 induces apoptosis in human gastrointestinal cancer cells through a p53-independent mechanism. To understand the apoptotic pathway regulated by ZBP-89, we identified downstream signal transduction targets. Ectopic expression of ZBP-89 induced apoptosis through the mitochondrial pathway and was accompanied by activation of all three MAP kinase subfamilies: JNK1/2, ERK1/2 and p38 MAP kinase. ZBP-89-induced apoptosis was markedly enhanced by ERK inhibition with U0126. In contrast, inhibiting JNK with a JNK1-specific peptide inhibitor or dominant-negative JNK2 expression abrogated ZBP-89-mediated apoptosis. The p38 inhibitor SB202190 had no effect on ZBP-89-induced cell death. Protein dephosphorylation assays revealed that ZBP-89 activates JNK via repression of JNK dephosphorylation. Oligonucleotide microarray analyses revealed that ectopic expression of ZBP-89 downregulated expression of the dual-specificity phosphatase MKP6. Overexpression of MKP6 blocked ZBP-89-induced JNK phosphorylation and PARP cleavage. In addition, ectopic expression of ZBP-89 repressed Bcl-xL and Mcl-1 expression, but had no effect on Bcl-2. Silencing ZBP-89 with small interfering RNA enhanced both Bcl-xL and Mcl-1 expression. Taken together, ZBP-89-mediated apoptosis occurs via a p53-independent mechanism that requires JNK activation.
Introduction
Programmed cell death or apoptosis is a physiologic process initiated to regulate the appropriate number of cells at epithelial surfaces during fetal development and to eliminate damaged cells. 1 During neoplastic transformation, apoptosis is actively suppressed resulting in a net accumulation of cells as a result of unregulated proliferation. A variety of extracellular signals trigger apoptosis with DNA damage being the most commonly studied initiator. 2 The apoptotic pathway initiated during DNA damage invariably requires an increase in p53 levels. 3 Elevated p53 levels stimulate the expression of the proapoptotic protein Bax that eventually activates executioner caspases to cleave specific targets, for example, poly (ADP-ribose) polymerase (PARP), lamin A and DNA fragmentation factor (DFF). Subsequently, Bax perforates the mitochondria, and cytochrome c is released into the cytoplasm. 4 p53-independent pathways causing apoptosis are less well defined. They generally include proinflammatory signals and withdrawal of growth factors that in turn suppress survival factors such as Bcl-2 subsequently destabilizing mitochondrial membranes. Since most tumors contain at least one mutated p53 allele, effective treatment of these tumors by enhancing apoptosis will likely utilize pathways that exclude p53. 5 Mitogen-activated protein (MAP) kinases play critical roles in both p53-dependent and -independent apoptotic pathways. 6, 7 The mitogenic signaling cascade (Ras-MEK1-ERK) suppresses apoptosis through activation of both Raf and Akt/PKB. 8, 9 In contrast, the stress-activated kinases, JNK and p38, are signaling pathways that mediate apoptosis initiated by UV irradiation, heat shock, chemotherapy and proinflammatory cytokines. [10] [11] [12] [13] Recently, it has been shown that the phosphorylation and activation of JNK could be regulated either by activation of upstream kinases MKK4/7 or repression of upstream phosphatases. 6, 14, 15 ZBP-89 (ZNF148, Zfp148) is a Krü ppel-type zinc-finger protein that is ubiquitously expressed. 16 Recent studies have revealed that ZBP-89 possesses multiple functions, including transcriptional regulation of a variety of genes, 17 cell growth arrest 18, 19 and cell death. 18 ZBP-89 expression is highest at the villus tip where apoptotic mature enterocytes are sloughed into the lumen. 17 ZBP-89 stabilizes p53 by preventing its nuclear export. 18 Therefore, ZBP-89 can mediate apoptosis by increasing p53 levels. More recent studies showed that Zfp148 þ /À ES cells are resistant to serum starvation and continue to proliferate. 20 In contrast, control ES cells respond to serum starvation by arresting cell growth. Also the haploinsufficient levels in the Zfp148 þ /À ES correlate with reduced phosphorylation of p53 at Ser15. Thus, reduced ZBP-89 protein levels render ES cells susceptible to unregulated cell growth. Using a p53 null cell line, we have shown previously that p53 is not required for ZBP-89-mediated apoptosis. 18 This result raised the possibility that ZBP-89 might be a key target of proapoptotic signals that do not require p53. Here, we show that JNK activation is required for ZBP-89-induced apoptosis.
Results

ZBP-89 mediated caspase activation results in PARP cleavage
In most cases, apoptotic pathways converge by activating caspases. We have shown previously that ZBP-89 induces p53-independent apoptosis. 18 To determine whether caspase activation is regulated by ZBP-89, Flag-tagged ZBP-89 was expressed in AGS cells using adenoviral vectors (Figure 1a ). We found that ectopic expression of ZBP-89 promotes the cleavage of caspase-8, -9 and -3. A major target of executioner caspases is the DNA repair enzyme PARP. PARP cleavage was significantly greater in cells overexpressing ZBP-89. An increase in caspase activation contributes to either mitochondria-dependent or -independent apoptotic pathways. To establish whether ZBP-89 is sufficient to promote mitochondrial instability, cytochrome c release was measured. The S-100 fraction prepared for immunoblot analysis revealed that ectopic ZBP-89 expression increases cytochrome c release (Figure 1b) . Collectively, evidence of the cleaved proteolytic enzymes, their targets and evidence of mitochondrial instability are three early molecular indicators of apoptosis. [21] [22] [23] Thus, elevated ZBP-89 levels induce apoptosis through the mitochondrial pathway.
ZBP-89 represses mitochondrial Bcl-2 survival factors
Since involvement of the mitochondrial pathway implicated changes in Bcl-2 family members, we examined whether ectopic expression of ZBP-89 involved changes in the levels of pro-or antiapoptotic Bcl-2 proteins. We found that ectopic expression did not have a significant effect on levels of the proapoptotic Bcl-2 family members, but instead effectively suppressed antiapoptotic Bcl-2 proteins Mcl-1 and Bcl-xL (Figure 2a) . Interestingly, there was no significant change in Bcl-2 or Bid. To confirm that the effect on these two Bcl-2 family members occurred independently of p53, we expressed ZBP-89 in a p53 null cell line and observed the same result ( Figure 2a , lanes 4-6). To further confirm that ZBP-89 specifically regulates Mcl-1 and Bcl-xL expression, small interfering RNA (siRNA) was used to silence ZBP-89 expression prior to examining the expression of Bcl-2 family members (Figure 2b-d) . Wild-type siRNA targeting ZBP-89 dramatically reduced ZBP-89 protein levels compared to the controls (Figure 2b) . Consistent with the ability of ZBP-89 to repress Bcl-xL and Mcl-1 expression, reduced levels of ZBP-89 resulted in higher protein levels of these two Bcl-2 family members ( Figure 2c ). In addition, reduced ZBP-89 levels decreased Bid and Bax expression, suggesting that ZBP-89 is required to maintain the basal levels of these two proapoptotic proteins (Figure 2c ). Furthermore, co-transfection studies confirmed that ZBP-89 repressed both Mcl-1 and Bcl-x promoters ( Figure 2d ). Taken together, we concluded that elevated levels of ZBP-89 were sufficient to depress antiapoptotic Bcl-2 family members at the levels of transcription and that this repression was p53-independent.
ZBP-89 induces activation of MAP kinases
Recently, it was been shown that the inactivation of Mcl-1 by JNK contributes to JNK-mediated, mitochondria-dependent caspase activation in response to oxidative stress. 24 Repression of Bcl-xL and Mcl-1 with induction of mitochondrial instability raised the possibility that ZBP-89 might also mediate p53-independent apoptosis through one of the stress kinase pathways. A time course of MAP kinase activation by ZBP-89 was examined. At the indicated times following infection, cell lysates were analyzed for MAP kinase protein, phosphorylation levels and PARP cleavage. Expression of ZBP-89 after adenoviral vector infection was detectable within 8 h and was maximal by 24 h (Figure 3a) . The protein levels of all three MAP kinases ERK1/2, JNK1/2 and p38 did not change. ERK1/2 phosphorylation initially decreased with ZBP-89 expression and then peaked by 24 h. The biphasic activation of ERK1/2 has been reported after prolonged growth factor treatment 25 or neural activation. 26 However, phosphorylation of stress MAP kinases JNK and p38 was initially low and then increased over 24 h following the The S-100 fraction was prepared for immunoblot analysis using a monoclonal cytochrome c antibody increase in ZBP-89 protein levels. Moreover, PARP cleavage was detectable only after 24 h. To verify that the increase in MAP kinase phosphorylation correlated with an increase in bona fide kinase activity, in vitro kinase assays were performed. Indeed, the increase in kinase phosphorylation corresponded to an increase in kinase phosphorylation of specific substrates (Figure 3b ). Therefore, an increase in ZBP-89 levels correlated with increased stress MAP kinase activity, and subsequently cleavage of the downstream target of activated caspases, that is, PARP.
Inhibition of ERK activation potentiates ZBP-89-induced apoptosis
Although ZBP-89 increased the activity of all three major MAP kinases, ERK kinases are generally not associated with increased apoptosis. 27, 28 Therefore, to determine which kinase was actually required for ZBP-89-mediated apoptosis, specific inhibitors and dominant-negative constructs were used to block kinase activation. Cleaved caspase-3 and PARP were determined by immunoblot to assess whether the kinase inhibitors also blocked apoptosis. U0126, a specific inhibitor of MEK1/2, was used to study the contribution of MEK/MAPK (MEK: mitogen-activated protein kinase/extracellular signal-regulated kinase kinase; MAPK: mitogenactivated protein kinase) activity on ZBP-89-induced apoptosis ( Figure 4a ). U0126 blocked ZBP-89-induced ERK1/2 activity (Figure 4a ). However, the MEK1/2 inhibitor did not block ZBP-89 induction of caspase-3 or PARP cleavage, indicating that ERK activation was not required for ZBP-89-induced apoptosis. Similarly, the p38 inhibitor SB202190 reduced p38 phosphorylation ( Figure 4b ) and inhibited the kinase activity (Figure 4c ), but did not prevent ZBP-89-induced caspase-3 or PARP cleavage (Figure 4b ).
To further document that inhibition of ERK1/2 or p38 kinases was not required for ZBP-89-induced apoptosis, AGS In contrast, treatment with the p38 kinase inhibitor had no effect on the basal level of apoptosis in AGS cells nor was ZBP-89-induced apoptosis further enhanced ( Figure 4d ). Collectively, these results demonstrate that inhibition of the ERK1/2 signaling pathway potentiates ZBP-89-induced apoptosis and is consistent with ERK1/2 having an antiapoptotic effect. 9 Although the kinetics of both stress kinases p38 and JNK best correlated with ectopic ZBP-89 expression and induction of apoptosis, p38 activation was not required for ZBP-89-induced apoptosis. Despite p38 kinases being required in some cells for p53-independent activation of apoptosis, 29, 30 this pathway was clearly dispensable for ZBP-89-mediated apoptosis.
ZBP-89-induced apoptosis requires JNK signaling
To assess the role of JNK signaling in ZBP-89-induced apoptosis, a JNK1-specific peptide inhibitor was used to block ZBP-89-induced activation of the kinase (Figure 5a ). Pretreatment of AGS cells with the JNK inhibitor attenuated JNK phosphorylation of its downstream target c-Jun and reduced cleavage of procaspase-3 and PARP. Moreover, there was a significant decrease in ZBP-89-induced apoptosis determined by flow cytometry with the JNK inhibitor (Figure 5b) . A dominant-negative JNK2 (dnJNK2) expression vector was also used to inhibit JNK phosphorylation (Figure 5c ). The expression of the dnJNK2 vector decreased JNK activity and correlated with a decrease in the amount of cleaved caspase-3 and PARP generated. The effect of dnJNK was specific since ERK1/2 phosphorylation was not affected (Figure 5c ). Moreover, dnJNK2 blocked cytochrome c release (Figure 5d ) and the increase in the number of cells in sub-G1 expected with ectopic expression of ZBP-89 (Figure 5e ). Apoptotic pathways requiring JNK signaling have been linked previously to the release of cytochrome c from mitochondria. 31, 32 Therefore, JNK activation is required for ZBP-89-mediated apoptosis.
To confirm whether ZBP-89-induced JNK activation was p53-independent, both AGS, HCT116 p53( þ / þ ) and HCT116 p53 (À/À), cells were infected. Indeed we found that ZBP-89-mediated JNK activation is independent of p53 status ( Figure 6 ).
ZBP-89 represses JNK dephosphorylation
Delayed JNK activation during ZBP-89 overexpression (see Figure 3 ) suggested that the effect of ZBP-89 on JNK was indirect. To test whether kinases that phosphorylate JNK were activated by ZBP-89 overexpression, MKK4/7 kinase assays were performed (Figure 7a ). IL-1b activates JNK mainly through MKK7, whereas, anisomycin activates JNK primarily through MKK4 (Figure 7a ). However, ectopic expression of ZBP-89 did not activate MKK4 or MKK7 (Figure 7a ). This suggested that MKK4/MKK7 activation did not mediate the activation of JNK by ZBP-89. Balanced phosphorylation/ dephosphorylation regulates JNK activity. Thus, ZBP-89-mediated JNK phosphorylation might be due to decreased dephosphorylation. To determine whether ZBP-89 had any effect on JNK-dependent phosphatase activity, dephosphorylation of JNK was assayed during ectopic expression of ZBP-89. Both IL-1b and anisomycin stimulate JNK1/2 phosphorylation, and ATP depletion rapidly dephosphorylates JNK1/2 33 ( Figure 7b ). At 10 min after ATP depletion, IL-1b-induced JNK1 phosphorylation decreased by B85% and anisomycin-induced JNK1 phosphorylation decreased by B70% (Figure 7c ). In contrast to the dephosphorylation of JNK1/2 after IL-1b and anisomycin treatment, dephosphorylation of ZBP-89-induced JNK1 phosphorylation was significantly delayed (Figure 7b ) and decreased by only B35% (Figure 7c) . Thus, we concluded that ZBP-89 promotes JNK phosphorylation by reducing its dephosphorylation.
As ectopic expression of ZBP-89 activates all three MAP kinases, we predicted that ZBP-89 controls a common upstream regulator of these MAP kinases. Recently, it has and phosphorylated p38 (p-p38) were detected using the respective phospho-specific antibodies. Total ERK1/2, JNK1/2 or p38 were also detected as a control for protein loading. (b) Whole-cell extracts from AGS cells were immunoprecipitated with antibody against phosphorylated ERK1/2, JNK1/2 or p38. The in vitro kinase assays were performed as described in Materials and Methods been reported that the JNK-interacting protein-1(JIP-1) reduces JNK activation by binding to a dual-specificity phosphatase MAPK phosphatase 7 (MKP7). 34 Thus, the effect of ZBP-89 on JIP-1 expression was examined (Figure 8a ). Ectopic expression of ZBP-89 had no significant effect on JIP-1 expression (Figure 8a) . Thus, ZBP-89 suppression of JNK dephosphorylation appears to be independent of JIP-1. To further identify other candidates regulated by ZBP-89 that in turn could modulate JNK dephosphorylation, microarray analysis was performed (Table 1) . Silencing ZBP-89 gene expression with siRNA upregulated MKPL (MAP Kinase Phosphatse 1 Like; MKP6) expression B2-fold (Table 1) . MKPL (MKP6) is a dual-specific MAPK phosphatase that dephosphorylates JNKs as well as ERKs and p38 MAPKs. 35 RNase protection confirmed that reducing ZBP-89 mRNA levels with ZBP-89-specific siRNA upregulates MKP6, while overexpression of ZBP-89 slightly downregulated the expression of this phosphatase (Figure 8b ). Considering the kinetics of protein kinase cascades, minor changes in the activity of upstream MKP6 would cause a significant change in the phosphorylation status of the downstream JNK. Therefore, we concluded that ZBP-89 activates JNK through repression of its dephosphorylation and that ZBP-89 repression of MKP6 is a possible mechanism. To further support the hypothesis that MKPL (MKP6) is the phosphatase repressed by ZBP-89 during apoptosis, we overexpressed MKP6 (Figure 8c ). As expected, overexpression of ZBP-89 increased JNK phosphorylation and triggered apoptosis (PARP cleavage) (Figure 8c, lanes 1-3) . When MKP6 was overexpressed in the presence of elevated levels of ZBP-89, JNK phosphorylation decreased and PARP cleavage was reduced (Figure 8c,  lanes 4-6) . Thus, we concluded that ZBP-89 can suppress MKP6 subsequently increasing JNK phosphorylation that in turn promotes apoptosis.
Discussion
ZBP-89 is a potent inducer of apoptosis in gastrointestinal cancer cells. 18 In this study, we found that all three MAP kinases can be activated by ZBP-89. However, only the JNK stress-related kinase was required for ZBP-89-mediated apoptosis. Activation of the JNK pathway is a common mechanism resulting in apoptotic cell death. 13, [36] [37] [38] [39] However, the importance of this activation varies according to the type of stimulus. The JNK pathway is required for apoptosis induced by proinflammatory cytokines, growth factor withdrawal, heat shock, radiation and ceramide. 13, [36] [37] [38] In contrast, JNK may not be essential for receptor-mediated apoptosis (e.g. Fasand tumor necrosis factor-mediated apoptosis). 40, 41 The mechanism by which JNK becomes activated in response to apoptotic signals is not completely understood. JNK activity is regulated by specific kinases (e.g. ASK-1, MKK 4,7) and phosphatases. 42, 43 Studies on BRCA1 have revealed that this tumor suppressor protein activates JNK by upregulating GADD45 and MKK4/7. 44 The GADD family of proteins was identified as gene products overexpressed during DNA damage. 45 While there is no direct evidence that ZBP-89 is activated during DNA damage, studies by Hasegawa et al. 46 have identified a GADD-like protein by two-hybrid screen using ZBP-89 as bait. Instead, ZBP-89 regulates JNK phosphorylation and activity by suppressing its dephosphorylation through the dual-specificity phosphatase MKPL (MKP6). Whether the effect of ZBP-89 on the phosphatase promoter or protein is direct or indirect is not known. Regulation of JNK activity through inhibition of its dephosphorylation is not well understood. However, the ability 
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Cyto c Using the MEK1/2-specific inhibitor U0126, we found that activation of the ERK pathway is antiapoptotic since the inhibitor enhanced ZBP-89-induced apoptosis. Thus, ZBP-89 activation of the ERKs was not sufficient to override initiation of the proapoptotic cascade. ERK activation is usually considered a proproliferative, prosurvival signal. 47, 48 However, recent studies have shown that ERK activation may also result in cell cycle arrest, emphasizing that the responses may differ depending on the cell type and nature of the extracellular signal and its duration. [49] [50] [51] [52] In addition, the timing and actual amounts of ZBP-89 protein generated might modulate which downstream kinase is activated. Similar to our findings with ZBP-89, overexpression of BRCA1 in MCF-7 breast cancer cells also activates both JNK (proapoptotic) and ERK (antiapoptotic) pathways, and MEK1/2 inhibition enhances BRCA1-induced apoptosis. 53 In fact, recent microarray analysis of MCF-7 cell line have revealed that ZBP-89 increases two-fold with overexpression of BRCA-1, suggesting that ZBP-89 lies downstream of this tumor suppressor gene product. 3 Thus, there may be synergy between BRCA1 and ZBP-89 apoptotic pathways.
The tumor suppressor p53 is essential for genotoxic stressinduced apoptosis. 54, 55 p53 may promote apoptosis by upregulating Bax gene expression, 56 a Bcl-2 family member that opposes Bcl-2 survival factors, Bcl-2, Bcl-xL, Mcl-1.
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Although ZBP-89 stabilizes p53 protein, 18 an increase in Bax was not a prominent finding in our study. These data support our previous observation that ZBP-89-induced apoptosis is p53-independent. 18 An alternative mechanism considered was repression of Bcl-2 family members Mcl-1 and Bcl-xL involved in survival, since these genes were strongly repressed by ectopic ZBP-89. Bcl-2 survival proteins are known to be inhibited by JNK. [58] [59] [60] [61] In the case of Bcl-2 and Mcl-1, JNK inactivates these survival factors by direct phosphorylation. 24, 62 However, ZBP-89 expression had no effect on Bcl-2. In contrast, we found that Bcl-2 family members, Bcl-xL and Mcl-1, were the primary Bcl-2 survival factors targeted by ZBP-89. ZBP-89 strongly suppressed Bcl-xL and Mcl-1 gene expression and protein levels. The mechanism of Mcl-1 suppression of apoptosis is known to be p53-independent. [63] [64] [65] Furthermore, reduced Bcl-xL levels promote p53-independent apoptosis. 66 Taken together, ZBP-89 represses Mcl-1 and Bcl-xL by two mechanisms that work in concert: first, by inhibiting the gene expression of these survival factors and, second, by increasing JNK activity that in turn can inhibit these survival factors by phosphorylation.
Materials and Methods
Antibodies and chemicals
Rabbit ZBP-89 antibody has been previously described. 16 Monoclonal antibodies against phospho-ERK1/2, phospho-p38, phospho-JNK1/2, phospho-Elk1, phospho-ATF2 and caspase-8, and polyclonal antibodies against ERK1/2, p38, JNK, c-Jun, phospho-c-Jun, cleaved PARP, caspase-3, cleaved caspase-3, caspase-9, cleaved caspase-9 and Bid were obtained from Cell Signaling (Beverly, MA, USA). The monoclonal Flag M2 antibody was purchased from Sigma (St Louis, MO, USA). Rabbit polyclonal antibodies against Mcl-1, Bcl-xL, MEK-4, MEK-7, Sp1 and Sp3 and JIP-1 monoclonal antibody were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Rabbit polyclonal anti-Bax and anti-Bcl-2 were obtained from Oncogene (San Diego, CA, USA). U0126 (MEK1/2 inhibitor), SB202190 (p38 inhibitor), the JNK peptide inhibitor I, IL-1b and anisomycin were purchased from Calbiochem (San Diego, CA, USA). Rotenone and 2-deoxyglucose were from Sigma (St Louis, MO, USA).
Cell culture
The AGS (human gastric adenocarcinoma cell line) was purchased from ATCC (Manassas, VA, USA) and cultured in Dulbecco's modified Eagle's medium (DMEM) with 10% fetal bovine serum (FBS). HCT116 p53 ( þ / þ ) and p53 (À/À) cells were gifts from Dr. Bert Vogelstein (John Hopkins University) and were cultured in McCoy's 5A medium with 10% FBS. In some experiments, the cells were treated with SB203580 or U0126 for 30 min, or JNK peptide inhibitor I for 2 h prior to adding adenoviruses (Ads). The inhibitors were present during the incubation period.
Adenovirus and retroviruses
Replication-deficient recombinant Ad-ZBP-89 expressing full-length Flagtagged rat ZBP-89 cDNA and control Ad-b-galactosidase Ads have been previously described. 67 Ad-GFP (GFP: green fluorescence protein) and Ad-dnJNK2 (encoding an HA-tagged dominant-negative JNK2 mutant) Ads 68 and the Flag-MKP6-expressing retroviral vector have been described before. 35 
Flow cytometry
Cells were plated onto six-well plates and infected with recombinant adenoviral vectors as described above. After 48 h, the cells were collected and processed for flow cytometry as described previously. 18 
Immunoblot analyses
Whole-cell extracts were prepared in lysis buffer (20 mM Tris-HCl, pH 7.4, 0.2% Nonidet P-40, 0.5 mM EDTA, 1 mM dithiothreitol (DTT)) and analyzed by immunoblotting. Protein kinase activity assay MAP kinase activity assays were performed using the MAP kinase assay kit (Cell Signaling, Inc.). Briefly, the cells were collected and lysed on ice in a buffer containing 20 mM Tris (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM bglycerolphosphate, 1 mM Na 3 VO 4 and 1 mM phenylmethylsulfonyl fluoride (PMSF). The JNK1/2, ERK1/2 or p38 MAP kinases were immunoprecipitated during gentle agitation overnight at 41C using a monoclonal antibody for phosphorylated JNK1/2, ERK1/2 or p38 immobilized on sepharose beads. The immunoprecipitated complex was collected, washed and then incubated for 30 min at 301C in kinase buffer containing 25 mM Tris (pH 7.5), 5 mM b-glycerolphosphate, 2 mM DTT, 0.1 mM Na 3 VO 4 and 10 mM MgCl 2 , plus 2 mg/ml of GST-Elk1 or GST-ATF2 fusion protein as the substrate. Phosphorylation of the substrate was detected by resolving the kinase reaction and then immunoblotting, using an antibody specific for phosphorylated Elk1 or ATF2.
To measure MKK4 and MKK7 activities, MKK4 and MKK7 were first immunoprecipitated using their respective antibodies followed by incubation with GST-JNK2 (Stressgen) in the kinase buffer described above. Phosphorylation of GST-JNK2 was detected by immunoblotting with a monoclonal antibody specific for phosphorylated JNK. were washed first with warmed PBS twice, followed by incubating with PBS containing 20 mM 2-deoxyglucose and 5 mM rotenone for the indicated time points. Immunoblots were performed as described above to detect the phosphorylation status of JNK1/2. Subcellular fractionation (S-100) for analysis of cytochrome c release Subcellular fractionation was performed according to the method of Liu et al. 69 Harvested cells were washed twice with ice-cold PBS and then resuspended in five volumes of ice-cold buffer A (20 mM Hepes (pH 7.5), 10 mM KCl, 1.5 mM MgCl 2 , 1 mM sodium EDTA, 1 mM sodium EGTA, 1 mM DTT and 0.1 mM PMSF) supplemented with protease inhibitors (aComplete, Roche, Indianapolis, IN, USA). After being placed on ice for 15 min, the cells were disrupted by douncing 15 times followed by centrifugation at 1000 Â g for 10 min at 41C. The supernatant was further centrifuged at 100 000 Â g for 1 h. The resulting supernatant (S-100 fraction) was processed for immunoblotting using cytochrome c antibody (Oncogene).
Analysis of JNK dephosphorylation
RNA interference
RNA interference (RNAi) experiments with siRNA were carried out using the method of Elbashir et al. 70 The region of ZBP-89 cDNA targeted for siRNA was þ 142 5 0 AAGATCGAAGTATGCCTCACCTT3 0 . A mutated ZBP-89 siRNA (5 0 AAGATCGAACGTGTCCTCACCTT3 0 ) and an siRNA targeted to pGL2 luciferase cDNA (5 0 AACGTACGCGGAATA-CTTCGATT3 0 ) were used as controls. Synthetic 21-mer sense and antisense oligonucleotides (Xeragon, Germantown, MD, USA) were annealed as instructed before use. siRNAs were transfected into cells using Oligofectamine (Invitrogen).
RNase protection assay
Total RNA was isolated from cells using TRIZOL reagent (Invitrogen). The pTRI-GAPDH-human antisense control template (BD Pharmingen, San Diego, CA, USA) and a ZBP-89 template were used to generate riboprobes using MAXIscript In vitro Transcription Kit (Ambion, Austin, TX, USA). To generate an MKPL riboprobe template, 170 bp of MKPL cDNA was amplified using the following PCR primers: forward 5 0 TGAGCTCCAGAGGTCACAGC3 0 and backward 5 0 CAATGCAGGTG-ATGCCACGAG3 0 . The PCR fragment was cloned into the pCR2.1 vector (Invitrogen) and the orientation was verified by sequencing. BstXI was used to linearize pCR-MKPL to produce the MKPL riboprobe template. The RNase protection assay was performed as described previously. 67 
Oligonucleotide microarray
Total RNA was isolated using TRIZOL reagent (Invitrogen). The Affymetrix HG-U133A oligonucleotide chip representing about 33 000 human genes was used for the hybridization. The cRNA probe, labeling, hybridization and data analysis were performed by the University of Michigan NIDDK Biotechnology Center. A detailed protocol for the sample preparation and microarray processing is available from Affymetrix, Inc. (Santa Clara, CA, USA). 
